Background: A mutation, L166P, in DJ-1, is linked to Parkinson disease. Results: The Sdj1-L169P fission yeast orthologue of DJ1-L166P is misfolded, associated with chaperones, and degraded via two ubiquitin-proteasome dependent pathways. Conclusion: Sdj1-L169P is subject to a two-step degradation pathway. Significance: Mapping the degradation pathways for misfolded proteins is important for our basic understanding of protein quality control in health and disease.
toxic intracellular aggregates. To prevent accumulation of such toxic species, nature has evolved elaborate quality control mechanisms. The two main strategies employed seek either to shield the misfolded proteins from aggregation and refold them to the native state by the assistance of molecular chaperones, or, if the native state is unachievable, target the clients for proteasomal degradation or autophagy (1) (2) (3) . Faults in either system can lead to a build-up of toxic protein species, which has been associated with a variety of severe human diseases, in particular neurodegenerative disorders (4) .
In eukaryotic cells, most intracellular proteins are degraded via the ubiquitin-proteasome system. This system depends on a cascade of three types of enzymes termed E1, E2, and E3 that conjugate ubiquitin to specific target proteins (5) . Subsequently, proteins marked with polyubiquitin are degraded by the 26S proteasome, a large proteolytic particle found in the nucleus and cytosol of all eukaryotic cells (6) . The E3 ubiquitinprotein ligases are the main factors that determine the specificity of ubiquitin conjugation, and thus ultimately control protein degradation. In regard to the degradation of misfolded proteins, it is vital that substrate selection is both sufficiently broad to include a wide variety of substrates, and highly specific, so that only misfolded proteins are targeted (7) .
Studies, primarily in yeast, have been pivotal for our current understanding of how misfolded proteins are targeted for degradation. Thus, misfolded secretory proteins are recognized by endoplasmic reticulum (ER) 5 luminal chaperones and targeted for so-called ER-associated degradation via the E3 ubiquitinprotein ligases, Hrd1 and Doa10 (8) , whereas misfolded cytosolic and nuclear proteins are primarily recognized by Hsp70type chaperones and ubiquitylated by various cytosolic and/or nuclear E3s such as CHIP, Ubr1, Ubr11, and San1 (3, 7, 9 -11) . More recently, it was found that ribosomes are equipped with E3 ligases, which carry out co-translational quality control (12) . These include the E3 ubiquitin ligase Ltn1, which upon ribo-some stalling ubiquitylates nascent proteins to signal their degradation (13, 14) . Mutants in lister, the mouse orthologue of yeast LTN1, exhibit profound early-onset and progressive neurological dysfunction (15) , suggesting that early quality control is an important mechanism for ensuring proper clearance of aberrant proteins. Studying protein quality control pathways requires appropriate substrates, and to determine how misfolded proteins are targeted, it is essential that the degradation pathways for more misfolded proteins are mapped.
The PARK7/DJ-1 gene is well studied due to its link to monogenic Parkinson disease (16) . The encoded DJ-1 protein belongs to the DJ-1/ThiJ/PfpI protein superfamily, which includes proteases, chaperones, kinases, catalases, and transcriptional regulators (17) .TheDJ-1proteinisahomodimer,whereeachmonomer contains a single domain that adopts a flavodoxin-like helix-strand-helix sandwich (18) . The C-terminal ␣8-helix, which together with the ␣7-helix is involved in dimerization, is conserved in all DJ-1 orthologues and distinguishes the DJ-1 protein family from many related protein families, including the PfpI and Hsp31 families (19) . Several mutations in the DJ-1 gene, all of which are predicted to lead to loss of DJ-1 function, either through deletion or destabilizing mutations, have been connected with Parkinson disease (16) . One of the most extensively studied DJ-1 polymorphisms is the L166P point mutation (20) that is located in helix ␣7. This DJ-1 variant is less structured and unable to form dimers even with wild type DJ-1 (18, 21) . In addition, DJ-1-L166P is prone to aggregate in vitro (21, 22) , and is rapidly degraded via an unknown mechanism (21, 23) .
Here, we map the degradation pathway for the DJ-1-L166P orthologue in the fission yeast Schizosaccharomyces pombe (19) . In the following, we will refer to this protein as Sdj1, for S. pombe DJ-1. We show that the fission yeast Sdj1 point mutant is misfolded, fails to dimerize, and aggregates in large cytosolic inclusions. In vivo, the protein is rapidly degraded by the proteasome through a pathway that depends on the Hsp70type chaperone Ssa2, the Hsp104 disaggregase, and the ribosome-associated E3 ubiquitin-protein ligase Ltn1. Although deletion of any of these proteins leads to accumulation of aggregated Sdj1, aggregate clearance occurs independently of Ltn1, suggesting that Ltn1 regulates degradation of some Sdj1 prior to aggregate formation. In conclusion, our results support a model in which the fission yeast DJ-1 mutant is cleared by a two-step proteasomal degradation pathway. Thus, initially misfolded Sdj1 is regulated by Ltn1 and Rqc1. The fraction that escapes this first inspection then continues to form cytosolic aggregates, which are cleared via an Hsp104-and proteasomedependent pathway. (25) . PCR mutagenesis was performed as described (26) .
Experimental Procedures

S. pombe Strains and Techniques-Fission
Plasmids and PCR-To generate Sdj1 (SPAC22E12.03c) constructs, full-length sdj1 ϩ cDNAs were amplified and inserted into pDONR221 (Invitrogen). To generate the Sdj1 L169P variant, site-directed mutagenesis was performed on this plasmid using QuikChange (Stratagene) as described by the manufacturer. For expression in S. pombe, the inserts from the pDONR221 vectors were transferred to the pDUAL vector system containing a C-terminal YFH (YFP, FLAG, and His 6 ) tag (27) using Gateway cloning technology (Invitrogen). For expression of recombinant protein in Escherichia coli, the inserts from the pDONR221 vectors were transferred to the pDEST15 and pDEST17 (Invitrogen) expression vectors, using Gateway cloning technology (Invitrogen).
Binding Assays-The GST fusion proteins were expressed in E. coli BL21 (DE3) or E. coli Rosetta (DE3) and bound to glutathione-Sepharose 4 beads (GE Healthcare) as described by the manufacturer. The protein/bead ratio was 1 mg/ml. Binding experiments were carried out using 20 l of beads in 1 ml of cleared (13,000 ϫ g for 30 min) 50% extract from E. coli expressing His 6 -tagged Sdj1. The extracts were prepared by sonication in buffer A (25 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10% glycerol, 0.1% Triton X-100, 2 mM DTT, 1 mM PMSF, and Complete protease inhibitors (Roche Applied Science)). After 4 -16 h of tumbling at 4°C, the beads were washed 4 times in 10 ml of buffer A and resuspended in 30 l of SDS sample buffer. 20 l of the samples were analyzed on 12% SDS gels and subjected to Western blotting.
Immunoprecipitations were performed from 50-ml cultures in mid-exponential phase. Cells were lysed using glass beads in 1 volume of buffer B (25 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM PMSF and Complete protease inhibitors (Roche Applied Science)) and cleared by centrifugation (13,000 ϫ g for 30 min). The soluble fraction was tumbled endover-end for 4 h at 4°C with 10 l of GFP-trap (Chromotek) beads. The beads were then washed 4 times in 10 ml of buffer B and resuspended in 30 l of SDS sample buffer. 20 l of the samples were separated on 12% SDS gels and subjected to Western blot analysis. Antibodies-The antisera, used in Western blots, were 5A5 mouse monoclonal anti-Hsp70 (Abcam), mouse monoclonal anti-His 6 (Qiagen), TAT1 mouse monoclonal anti-tubulin (Abcam), and goat anti-GST (Sigma). Secondary antibodies were purchased from DAKO Cytomation.
Growth Assays-Growth assays on solid media were performed essentially as described (28) . Briefly, the S. pombe strains to be assayed were grown to an A 600 nm of 0.4 -0.8. The cells were then diluted in media to an A 600 nm of exactly 0.40. Serial 5-fold dilutions of this culture were prepared before 5 l of each dilution was spotted onto solid EMM2 media plates and incubated at the indicated temperature until colonies formed.
Fluorescence Microscopy-For microscopy, S. pombe cells were grown to mid-exponential phase. Samples of 5 ml were collected, and the cells were washed by centrifugation (800 ϫ g for 2 min) in sterile-filtered PBS. The cells were fixed with 6% formaldehyde in PBS for 30 min and washed extensively with PBS. The fixed cells were mounted on coverslips using fluoromount (Sigma) and analyzed in a fluorescence microscope (Zeiss AxioImager Z1) and CCD camera (Hamamatsu ORCA-ER).
Aggregate quantification was performed using a hemocytometer. For each sample 150 -250 cells were counted.
Mass Spectroscopy-For the mass spectroscopy analyses, 50-ml cultures, expressing Sdj1-YFH, Sdj1-L169P-YFH, or as a control, YFH, were grown to mid-exponential phase. The cells were harvested by centrifugation (800 ϫ g for 2 min) and washed in buffer B (50 mM HEPES/KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) supplemented with 1 mM PMSF and Complete EDTA-free protease inhibitors (Roche Applied Science). The cells were then resuspended in 1 ml of buffer B with inhibitors and carefully dripped into liquid nitrogen. The frozen cell aggregates were then broken with a MM400 ball mill (Retsch) and the extracts were cleared twice by centrifugation (4000 rpm, 10 min). The YFH-tagged proteins were isolated using GFP-trap beads (Chromotek) and washed extensively in buffer B with protease inhibitors as above. Finally, the isolated protein-proteins interactomes were analyzed by mass spectrometry as described previously (29) .
Circular Dichroism Spectroscopy-Far-UV circular dichroism spectra were recorded on 5 M Sdj1 in 10 mM NaH 2 PO 4 , pH 7.0, at room temperature on a Jasco J-810 Spectropolarimeter in a 1-mm Quartz SUPRASIL cuvette (Hellma). A total of 15 scans were accumulated from 250 to 190 nm, and a buffer spectrum was recorded identically and subtracted. The scanning speed was 20 nm/min, response time 1 s, and data pitch 0.1 nm. The final spectra were processed by FFT filtering and converted into mean residue ellipticity values.
Protein Degradation Assays-The degradation of Sdj1 and Sdj1 variants was followed in cycloheximide-treated cultures by electrophoresis and blotting as described previously (30) . Blots were quantified using the Un-Scan-It software (Silk Scientific). Bortezomib was purchased from LC Laboratories.
Real-time PCR-Total RNA was purified by wild type and ltn1⌬ cells using hot phenol as described previously (31), converted to cDNA using Transcriptor First Strand cDNA synthesis kit (Roche Applied Science), and analyzed by real-time PCR using Brilliant SYBR Green QPCR Master Mix (Stratagene) on an MX4000 machine (Stratagene). Actin (act1 ϩ ) was used for normalization.
In Silico Saturation Mutagenesis with FoldX-The FoldX energy function version 3.1 was used to estimate the free-energy change upon mutations of Sdj1 (32) . FoldX is an empirical energy function that employs an all-atom representation of the protein and it has been tested on a dataset of more than 1000 sequence variants from more than 20 different proteins. FoldX calculations were carried out for each of the monomer structures included in the PDB entry 4QYT (33) to assess the reproducibility of the results, and the average is reported here. The RepairPDB function of FoldX was first applied to the wild type structures, during which we also replaced the oxidized (cysteine-sulfinate) Cys-111 present in the crystal structure with its standard thiol form. The known high structural similarity between the reduced and oxidized forms of the human protein (33) suggests that this is a valid approach.
Structures for saturation mutagenesis were generated using an in-house Python program that allows for the introduction of all 19 possible point mutants at each position of the protein using multithreading calculations. The BuildModel function of FoldX was employed and five independent runs were carried out. The results were then averaged and the standard deviation calculated. The mutational free energies were predicted consistently in the different runs using the different starting structures with standard deviations less than 0.8 kcal/mol, which should be considered together with the typical prediction error of FoldX that is also about 0.8 kcal/mol (34) .
Results
Sdj1 Is the Fission Orthologue of Human DJ-1-In a database search for proteins involved in stress response and proteostasis, we noticed that the S. pombe SPAC22E12.03c protein was highly similar to the human Parkinson disease protein PARK7/ DJ-1. Sequence alignments showed that SPAC22E12.03c is 28% identical and 56% similar to human DJ-1 (Fig. 1A) . This similarity is distributed evenly throughout the DJ-1 sequence, and also includes residues in the ␣8-helix ( Fig. 1A ) that distinguishes the DJ-1 protein family from related protein families (19) . In addition, both the putative active site cysteine residue Cys-106 (C111 in fission yeast) and the disease-relevant Leu-166 (Leu-169 in fission yeast) are conserved ( Fig. 1A) . We therefore named the SPAC22E12.03c protein Sdj1 for S. pombe DJ-1. Budding yeast, on the other hand, only contains a member of the related Hsp31 family that constitutes another branch of the DJ-1/ThiJ/PfpI superfamily (35, 36) .
The Sdj1-L169P Protein Is Unable to Dimerize and Misfolds-Before studying the Sdj1-L169P degradation mechanism, we first performed a number of experiments to test if S. pombe Sdj1 and Sdj1-L169P behave similarly to human DJ-1 and DJ-1 L166P, respectively.
The disease-associated L166P point mutation induces severe structural distortion in the human DJ-1 protein, which makes the protein unable to form homodimers (21, 22) . To test if the corresponding S. pombe mutation, L169P, has similar structural consequences for Sdj1, we generated recombinant His 6and GST-tagged versions of Sdj1 and Sdj1-L169P in E. coli. Glutathione-Sepharose beads loaded with GST-tagged Sdj1, or as a control, GST, were then used for co-precipitation experiments with His 6 -tagged Sdj1 or Sdj1-L169P. As expected, we found that GST-tagged Sdj1 was able to co-precipitate wild type His 6tagged Sdj1, but not His 6 -tagged Sdj1-L169P ( Fig. 1B) . In agreement with this, we observe that the Leu-169 residue is located in the proximity of the subunit-subunit interface in the published crystal structure of Sdj1 (33) (Fig. 1C ). SPAC22E12.03c (Sdj1). Identical and homologous residues have been shaded black and gray, respectively. The secondary structure elements of DJ-1 are indicated by colored bars. Note that both the putative active site cysteine residue Cys-106 (Cys-111 in fission yeast) (marked in red) and the disease relevant Leu-166 (L169 in fission yeast) (marked in green) are conserved. B, GST and GST-tagged Sdj1 were used in pulldown experiments with purified His 6 -tagged Sdj1 or Sdj1-L169P. The precipitated material was analyzed by SDS-PAGE and blotting for the His 6 -tagged Sdj1 variants (upper panel) or, as a control for even loading, GST (lower panel). C, the plot shows the changes in thermodynamic stability upon all the possible single-site mutations of Sdj1 calculated by FoldX. The value of L169P is marked (green). Note that most Sdj1 mutations are not predicted to affect the Sdj1 structure (values near 0 kcal/mol), very few are predicted to structurally stabilize Sdj1 (negative ⌬⌬G values), whereas the L169P mutation (green) should destabilize the Sdj1 structure (positive ⌬⌬G value). The inset shows structure of the Sdj1 homodimer (Protein Data Bank code 4QYT) with the position of Leu-169 (green) marked. D, far-UV circular dichroism spectrum of wild type recombinant Sdj1 purified from E. coli. The maximum at 195 nm, and minimum at 208 nm with the broad shoulder at 222 nm, suggest that the protein is folded and highly ␣-helical. E, purified wild type Sdj1 and Sdj1-L169P were separated into soluble and insoluble fractions by high-speed centrifugation before the fractions were resolved SDS-PAGE and stained with Coomassie Brilliant Blue (CBB).
To obtain further indication that Sdj1-L169P is indeed structurally destabilized, we predicted the effects induced upon mutations on Sdj1 stability by FoldX, using the published crystal structure (33) as a starting structure for the calculations. In particular, we performed in silico saturation mutagenesis, introducing all possible single site mutations into the wild type Sdj1 sequence. Using FoldX, we then predicted the change in thermodynamic folding stability with respect to the wild type protein (⌬⌬G) (supplemental File S1). The distribution of the resulting ⌬⌬G values revealed, as expected, that most Sdj1 mutations only moderately affect the thermodynamic stability of Sdj1, i.e. that many ⌬⌬G values are relatively close to 0 kcal/ mol (Fig. 1C ). The L169P mutation was, however, predicted to destabilize Sdj1 strongly (ϳ8 kcal/mol) (Fig. 1C) .
To further study whether Sdj-L169P was misfolded, we purified recombinant Sdj1 and Sdj1-L169P from E. coli and analyzed them by circular dichroism spectroscopy. Although the spectrum of wild type Sdj1 suggested that Sdj1, as expected from the known crystal structure, is a folded, helical protein ( Fig. 1D) , the purified Sdj1-L169P appeared insoluble at the concentrations required for these analyses. Thus, when separating Sdj1 or Sdj1-L169P into soluble and insoluble fractions by high speed centrifugation, Sdj1 was present only in the soluble fraction, whereas Sdj1-L169P was almost exclusively found in the insoluble fraction, suggesting that Sdj1-L169P is misfolded and forms insoluble aggregates ( Fig. 1E ).
To further substantiate that Sdj1-L169P like DJ1-L166P is misfolded, we analyzed the subcellular localization of Sdj1 and Sdj1-L169P in S. pombe cells. In human cells DJ-1 is localized to the cytosol and nucleus (23) , and under stress conditions enriched at mitochondria (37) . Sdj1, carrying a C-terminal YFP, FLAG, and His 6 (YFH) tag, was evenly distributed throughout the cytosol and nucleus, and did not markedly co-localize with the mitochondrial marker protein, Cox4 ( Fig. 2A ). This localization was not affected by stress conditions (not shown). However, the Sdj1-L169P mutant aggregated in distinct cytosolic inclusions ( Fig. 2A) . The aggregates were visible in ϳ14% of the cells and each positive cell contained on average only 1-2 of these inclusions.
PABP is a marker of stress granules, RNA-enriched granules that are formed in response to certain stress conditions (38) , whereas Hsp104 is a large molecular chaperone involved in protein quality control and disaggregation of various cytosolic protein aggregates (39) . To further examine the nature of the observed Sdj1-L169P aggregates, the localization of Sdj1-L169P was analyzed in strains expressing mCherry-labeled PABP (Pab1) or Hsp104. We did not observe any stress granule formation in cells expressing Sdj1-L169P (Fig. 2B) , and hence did not observe PABP enrichment in association with Sdj1-L169P inclusions (Fig. 2B ). On the contrary, it appeared that the PABP-mCherry signal was excluded from larger Sdj1-L169P aggregates (Fig. 2B ), suggesting that the Sdj1-L169P aggregates were not stress granules. Contrasting this, we observed an enrichment of mCherry-labeled Hsp104 in association with Sdj1-L169P inclusions (Fig. 2B) , supporting that these structures contain misfolded and aggregated Sdj1-L169P.
Sdj1-L169P Is Rapidly Degraded via the Ubiquitin-Proteasome Pathway-Having established that Sdj1-L169P, like human DJ1-L166P, is misfolded, we next analyzed the turnover of Sdj1-L169P protein in fission yeast cells.
First, we observed that the steady-state level of Sdj1-L169P was reduced compared with wild type Sdj1 (Fig. 3A) . In cultures where protein synthesis was blocked by addition of cycloheximide, we found that wild type Sdj1 appeared stable, whereas the Sdj1-L169P protein was rapidly degraded (Fig. 3B ). However, when the proteasome inhibitor bortezomib was added to the culture, the degradation was blocked ( Fig. 3B ), suggesting that the reduced Sdj1-L169P steady-state level was primarily caused by proteasomal degradation of the protein. To further study if Sdj1-L169P degradation occurred via the proteasome, and not by autophagy, the degradation kinetics of Sdj1-L169P was followed in nas6⌬ and atg1⌬ mutants, where proteasomal degradation and autophagy, respectively, have been compromised by mutation. Indeed, Sdj1-L169P was more stable in cells deleted for nas6, but not in atg1-deleted cells (Fig. 3C) . By quantifying the degradation we found that whereas Sdj1-L169P had a halflife of ϳ1 h in wild type and atg1⌬ cells, the half-life in the nas6⌬ strain was longer than the time course of the experiment (i.e. Ͼ3 h) (Fig. 3D ).
In accordance with this, the Sdj1-L169P aggregates were also considerably larger in nas6⌬ cells compared with the atg1⌬ and wild type strains (Fig. 3E) , and a higher fraction of nas6⌬ cells contained aggregates (25% in nas6⌬ cells versus 14% in wild type cells) ( Fig. 3F ). Finally, we examined the in vivo stability of the Sdj1-L169P aggregates. After 5 h of cycloheximide treatment, the number of cells containing Sdj1-L169P aggregates was reduced to about 20% of the initial amount in wild type and atg1⌬ cells (Fig. 3G ). However, in the presence of bortezomib, the aggregates appeared stable (Fig. 3G ), again confirming that Sdj1-L169P degradation occurs via the ubiquitin-proteasome system.
Sdj1-L169P Associates with the Ssa1 and Ssa2 Hsp70 Chaperones-Because, E3s and substrate proteins form transient enzyme-substrate complexes, substrate-specific E3s can in some cases be identified through their binding to the substrate (40) . Therefore, as a starting point for identifying components involved in the degradation of Sdj1-L169P, we compared the protein-protein interactomes of Sdj1 and Sdj1-L169P by quantitative mass spectrometry. To this end, quadruplicates of wild type S. pombe cells expressing YFH-tagged Sdj1, Sdj1-L169P, or as a control, YFH, were grown to late exponential phase and whole cell lysates were prepared. The tagged proteins were isolated by immunoprecipitation and the co-precipitated proteins were identified by liquid chromatography coupled to high-resolution mass spectrometry as previously described (29) . As expected, the immunoprecipitated Sdj1 protein was enriched in the precipitated material, along with 144 interaction partners, which were not found in the YFH control. All the identified Sdj1-interacting proteins are listed in supplemental File S2. Sorting the Sdj1 interaction partners according to their gene ontology annotations for biological processes revealed a strong enrichment of translation-related proteins. Thus, 41% of the Sdj1 interacting proteins compared with 11% of the entire fission yeast proteome (supplemental File S2) were gene ontology annotated to translation. In accordance with this, DJ-1 has previously been shown to bind and regulate certain mRNAs (41) . In addition, the E. coli DJ-1 orthologue, Yaj1, has also been shown to associate with ribosomes (42, 43) .
Interestingly, a few proteins were found to specifically interact with Sdj1-L169P (supplemental File S2). Among these were Ssa1 and Ssa2, two highly similar cytosolic Hsp70-type chaperones. To independently validate the data from mass spectrometry, we subsequently performed immunoprecipitation experiments with wild type Sdj1 and Sdj1-L169P. Indeed, we found that Hsp70 (Ssa1 and Ssa2) was specifically associated with Sdj1-L169P and not wild type Sdj1 (Fig. 4A ).
Sdj1-L169P Degradation Depends on the Hsp104 and Hsp70
Chaperones-Because we observed that Sdj1-L169P associated with both the Ssa1 and Ssa2 Hsp70-type chaperones and co-localized with the Hsp104 disaggregase, we tested if the steadystate level of Sdj1-L169P was affected in strains where these or other chaperones were compromised by mutation. Indeed, the Sdj1-L169P level was increased in ssa1, ssa2, and hsp104 null mutants, with the most marked effect observed in the ssa2⌬ and hsp104⌬ strains (Fig. 4B ). Accordingly, Ssa2 and Hsp104 were required for efficient Sdj1-L169P degradation, whereas no clear change in the stability of the protein was observed in the ssa1 null mutant (Fig. 4C) . The degradation did, however, not rely on the related Hsp70 chaperone Sks2 (Fig. 4, B and C) . The Sdj1-L169P aggregates also appeared significantly larger in the ssa2 and hsp104 null mutants, compared with wild type cells (Fig.  4D ). Furthermore, when quantifying the fraction of cells containing Sdj1-L169P aggregates, significantly more aggregates were detected in ssa2⌬ and hsp104⌬ cells (Fig. 4E) . We therefore conclude that the Ssa2 Hsp70-type chaperone and the Hsp104 chaperone are involved in chaperone-dependent degradation of Sdj1-L169P.
Degradation of Sdj1-L169P Depends on the E3 Ubiquitin Ligase Ltn1-Although we were hoping that the proteomic analyses would reveal which E3 ubiquitin-protein ligase was responsible for targeting Sdj1-L169P for degradation, such enzyme-substrate complexes are often transient, and our dataset unfortunately did not provide us with any clues as to which E3 was involved in the degradation.
The S. pombe genome encodes roughly 100 different E3 ubiquitin-protein ligases, so to identify the E3 targeting Sdj1-L169P for degradation, we hypothesized that the relevant E3 would likely be specific for misfolded proteins (7) and/or be induced by stress conditions. These parameters led us to select 13 different E3 candidates from available transcriptomic data (44) and literature survey: Hrd1, Doa10, Ltn1, San1, Ubr1, Ubr11, Hul5, Ufd4, Pub1, Pub2, Pub3, Dma1, and Hel2. We then compared the steady-state level of Sdj1-L169P in null . Sdj1-L169P is degraded by the ubiquitin-proteasome system. A, the steady-state levels of Sdj1-YFH, Sdj1-C111A-YFH, and Sdj1-L169P-YFH were compared by SDS-PAGE and Western blotting using antibodies to His 6 (to detect the YFH tag on the Sdj1 variants) and as a loading control ␣-tubulin. B, the amount of Sdj1-YFH or Sdj1-L169P-YFH was followed in cultures treated with cycloheximide (CHX) for 5 h. To some cultures, 1 mM of the proteasome inhibitor bortezomib (BZ) was also added. Equal loading was checked using antibodies to tubulin. C, the amount of Sdj1-L169P-YFH was followed in wild type, nas6⌬, and atg1⌬ strains treated with cycloheximide. Equal loading was checked using antibodies to tubulin. AUGUST 21, 2015 • VOLUME 290 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 21147 mutants of each of these E3s. Surprisingly, only in the ltn1⌬ strain did we observe an increased level of Sdj1-L169P (Fig. 5A) .
Degradation of Misfolded DJ-1
Studies in budding yeast have shown that Ltn1 (also known as Rkr1) is involved in ribosome-associated quality control in cooperation with the proteins Rqc1 and Tae2, forming the ribosome quality control complex (45) (46) . To verify the involvement of this complex in the degradation of Sdj1-L169P, we followed the Sdj1-L169P degradation in ltn1 and rqc1 null mutants. Indeed, Sdj1-L169P was more stable in both ltn1 and rqc1 deletion strains (Fig. 5B ). Although degradation was still observed in the ltn1⌬ and rqc1⌬ strains, Sdj1-L169P was significantly stabilized in these mutants compared with the wild type control (Fig. 5C) . Accordingly, the steady-state level of Sdj1-L169P was also increased in the rqc1⌬ strain (Fig. 5B ). Furthermore, in these strains the Sdj1-L169P aggregates were enlarged (Fig. 5D ) and more abundant than in the wild type strain (Fig.   5E ), although the effect was not as dramatic as for the hsp104⌬ and ssa2⌬ mutants (Fig. 5E) , and was not further increased in an hsp104⌬ltn1⌬ double mutant (Fig. 5E) .
Because Ltn1 and Rqc1 are ribosome-associated proteins involved in quality control of nascent proteins, it is unlikely that they regulate degradation of already aggregated Sdj1-L169P. Accordingly, when studying the stability of the formed Sdj1-L169P aggregates in these strains, we observed that they were cleared as efficiently as in the wild type strain both in the mutant lacking ltn1 (Fig. 5F ) and in the rqc1 null mutant (not shown). This shows that the accumulation of Sdj1-L169P, observed in these strains, is not a consequence of reduced aggregate degradation, which suggests that Ltn1 regulates Sdj1-L169P degradation upstream of aggregate formation.
In contrast to this, the degradation of the Sdj1-L169P aggregates was severely inhibited in the hsp104 deletion strain (Fig. The error bars indicate the S.E. Ϯ mean (n ϭ 3, *, p Ͻ 0.05, Student's t test). C, left panel, the amount of Sdj1-L169P-YFH was followed in the indicated chaperone mutant strains treated with cycloheximide. Equal loading was checked using antibodies to tubulin. Note that Sdj1-L169P is stabilized in the ssa2⌬ and hsp104⌬ strains (boxed). Right panel, bar diagrams showing quantification of Western blots normalized to the signal at 0 h. The error bars indicate the S.E. Ϯ mean (n ϭ 3). D, fluorescence micrographs showing the Sdj1-L169P containing aggregates in the indicated genetic backgrounds. Note the larger aggregates in the ssa2⌬ and hsp104⌬ strains. E, the number of the Sdj1-L169P-YFH aggregate containing cells was determined by fluorescence microscopy for the indicated strains. The error bars indicate the S.E. Ϯ mean (n ϭ 3, ***, p Ͻ 0.001, Student's t test). DIC, differential interference contrast. 5F). Furthermore, the residual aggregate degradation, observed in the hsp104 deletion strain, was not mediated by the proteasome (Fig. 5F) , showing that proteasomal degradation of Sdj1-L169P aggregates is entirely dependent on the Hsp104 chaperone, and that this aggregate degradation pathway cannot be rescued by non-proteasomal pathways. Also in the ltn1 null cells aggregate degradation was no longer exclusively mediated by the proteasome but partially occurred through a non-pro-teasomal pathway (Fig. 5F) , presumably by autophagy. This suggests that cells deprived of Ltn1 or Hsp104-mediated proteasomal pathways may utilize autophagy as a back-up system for disposing of this substrate.
Because aggregate degradation does not rely on Ltn1 (Fig.  5F) , another E3 must function in targeting aggregated Sdj1-L169P for proteasomal degradation. In an attempt to identify this E3, we followed aggregate degradation in the remaining 12 AUGUST 21, 2015 • VOLUME 290 • NUMBER 34
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E3 mutants after treating with cycloheximide. However, in no single deletion mutant were the aggregates significantly stabilized or more abundant than in the wild type (not shown), indicating that either the relevant E3 was one not included in our selection, or possibly that multiple E3s collaborate in aggregate clearance.
Sdj1-L169P Inhibits Growth of Wild Type and hsp104⌬, but Not of ltn1⌬ Strains-It has been well documented that the pathogenesis of protein misfolding disorders is related to the toxicity of the aberrant protein species (47) . To test how Sdj1-L169P expression affected the yeast cells, we performed growth assays on strains expressing Sdj1-L169P under control of the thiamine-regulated nmt1 promoter. Here, expression of Sdj1-L169P significantly inhibited the growth of wild type cells (Fig.  6A ). This effect was aggravated in mutants lacking Hsp104, but was, surprisingly, suppressed in the ltn1⌬ strain ( Fig. 6A ). Expression of Sdj1-L169P in mutants lacking both Ltn1 and Hsp104 resulted in an intermediate phenotype that appeared more like the situation in the wild type strain (Fig. 6A ). We speculated that the Sdj1-L169P-resistant phenotype of ltn1⌬ cells could be a result of the cells triggering a stress response pathway that increases their tolerance for misfolded protein.
To test this hypothesis, we repeated the growth assays using cells that were subjected to a 45-min heat shock at 40°C prior to plating. Indeed, this heat shock treatment led to a slightly increased tolerance to Sdj1-L169P ( Fig. 6B) , indicating that the resistance of ltn1⌬ cells to Sdj1-L169P expression is caused by an up-regulated stress response, or that heat treatment or ltn1 deletion leads to Sdj1-L169P being more rapidly deposited in aggregates, which are generally considered less toxic than soluble misfolded proteins.
To determine whether the ltn1⌬ cells were stressed, we performed mRNA quantification of ltn1⌬ wild type cells by realtime PCR. This did, however, not reveal any significant change in the level of the ER-stress activated bip1 ϩ gene, and only a modest 2.8 Ϯ 0.5-fold (S.E.) increase of the Hsf1-responsive hsp104 ϩ gene in the ltn1⌬ mutant relative to wild type. In addition, the Sdj1-L169P-resistant phenotype of ltn1⌬ cells was unchanged in cells grown in the presence of the proteasomal inhibitor bortezomib (not shown). Furthermore, no up-regulation of proteasomal subunits or Hsp70 chaperones was observed in these cells ( Fig. 6C ), suggesting that the increased tolerance of ltn1⌬ cells is independent of proteasome or Hsp70 abundance.
Discussion
Because the accumulation of misfolded proteins has been linked to a variety of human diseases (48) , the quality control mechanisms that govern their turnover have been the subject to intense investigation (3, 49) . Most of these studies have focused on post-translational quality control mechanisms that handle the degradation of already misfolded and aggregated proteins. However, in recent years it has become clear that protein quality control is exerted already during synthesis (50) . Thus, in human cells up to about 15% of newly synthesized proteins are co-translationally ubiquitylated (51) .
In the present work we have mapped the degradation pathway for Sdj1-L169P, the fission yeast homologue of the human DJ1-L166P protein involved in Parkinson disease. Like human DJ1-L166P, yeast Sdj1-L169P appeared misfolded both in vivo and in vitro. Our FoldX calculations predict that Sdj1-L169P is thermodynamically destabilized by ϳ8 kcal/mol. None of the other residues linked to disease in human DJ-1 are preserved in S. pombe Sdj1, but for the DJ-1 residues Leu-10, Met-26, and Asp-149 (16) , residues with similar chemical properties are found in Sdj1 (Val-8, Phe-24, and Glu-152, respectively). In our calculations, the disease-causing Sdj1 mutations V8P, F24I, and E152A would lead to structural destabilization with ⌬⌬G values of 6.3, 3.7, and 2.5 kcal/mol, respectively. Hence, at least in the FIGURE 6. Sdj1-L169P expression is toxic to wild type and hsp104⌬ cells. A, growth comparison on solid media of the indicated strains transformed with an nmt1 thiamine-regulated expression construct for Sdj1-L169P. Note that expression of Sdj1-L169P (right panel) inhibits cell growth for the wild type, hsp104⌬, and ltn1⌬hsp104⌬ strains, but not for the ltn1⌬ strain. B, growth comparison on solid media of wild type cells transformed with an nmt1 thiamine-regulated expression construct for Sdj1-L169P either subjected to heat shock prior to plating or untreated. Note that Sdj1-L169P expressing cells grow better when they are heat shocked. C, the steady-state levels of the indicated proteins were determined by blotting of whole cell extracts from wild type, ltn1⌬, hsp104⌬, and ltn1⌬hsp104⌬ strains. Tubulin served as a loading control.
human DJ-1-L10P mutant we would predict is also a substrate of a quality control pathway.
Our data on fission yeast Sdj1-L169P support a model where the mutant protein is cleared by a two-step quality control system. First, and perhaps already during translation, the ribosome-associated Ltn1 and Rqc1 regulate the Sdj1-L169P level. The Sdj1-L169P protein that escapes during this early point then forms cytosolic aggregates that are subsequently solubilized and degraded by an Hsp104-dependent proteasomal pathway. Because Ltn1 and Rqc1 are significantly less abundant in cells than ribosomes (52) , it is likely that some Sdj1-L169P slips past this ribosomal quality control system and is subsequently degraded by other mechanisms.
Ltn1 has primarily been recognized as an E3 ligase dedicated to the degradation of products resulting from the translation of aberrant non-stop mRNAs (13, 45, 53) , and was found not to influence the degradation of a quality control substrate (13) . Our results suggest that Ltn1 not only targets nascent chains of aberrant mRNAs, but also may play a role in targeting other misfolded aggregation-prone proteins. This is in line with studies showing that co-translational ubiquitylation is increased in response to stress conditions that facilitate protein misfolding (51) , and that the main characteristic of nascent polypeptides undergoing co-translational ubiquitylation is enrichment of properties that enhance aggregation and hinder folding (54) . Furthermore, in budding yeast, another misfolded substrate was shown to accumulate in various E3 mutant strains, including an ltn1 deletion strain (55) . We speculate that also the association between Sdj1 and the ribosome may bring misfolded Sdj1 into proximity with the Ltn1 ubiquitin ligase, thereby further increasing the likelihood that the protein will be recognized as a target.
Ltn1 has previously been reported to function redundantly with the less described E3 ligase Hel2 in co-translational ubiquitylation (54) . However, because the degradation of Sdj1-L169P was unaffected in a hel2 deletion strain, our results suggest that these ubiquitin ligases must differ to some extent in their function.
That Sdj1-L169P appears only partly stabilized in ltn1⌬ and rqc1⌬ strains, when evaluated by blotting procedures, contradicts the observation that the aggregates are as efficiently eliminated in these strains as in wild type cells. Possibly, this discrepancy is caused by an increased stabilization of soluble Sdj1-L169P in these strains, because the whole cell lysates used for blotting will contain both soluble and aggregated Sdj1-L169P. Unfortunately, our attempts to distinguish between these two subpopulations of Sdj1-L169P have not been successful.
In wild type cells, the Sdj1-L169P aggregates were degraded exclusively by the proteasome, which requires the aggregates to be resolubilized prior to degradation (6) . Accordingly, proteasomal aggregate degradation was entirely dependent on the Hsp104 chaperone, which is well known to mediate the disaggregation of misfolded substrates in yeast cells (56, 57) , but intriguingly no Hsp104 orthologues are found in higher eukaryotes. Surprisingly, aggregate re-solubilization did not occur in the presence of the proteasomal inhibitor bortezomib, indicating that disaggregation and proteasomal degradation are tightly coupled processes.
Deletion of either the ssa1 or ssa2 chaperones resulted in accumulation of Sdj-L169P although the effect was markedly higher in the ssa2 null strain. Although Hsp70 chaperones are well known mediators of chaperone-assisted degradation (3, 7) , it is difficult to fully distinguish a direct role for these chaperones in mediating Sdj1-L169P degradation from the likely increased tendency of the protein to aggregate in the absence of a major cytosolic Hsp70 chaperone. Nonetheless, Hsp70-type chaperones have previously been shown to be vital for Hsp104 function (57, 58) , and were also shown to associate with translating ribosomes (59) , suggesting that Ssa1 and Ssa2 may potentially be involved in both Hsp104-and Ltn1mediated pathways. Ssa1 and Ssa2 are 95% identical proteins and it is therefore surprising that Ssa1 is not able to compensate for the loss of Ssa2. This suggests functional variation between the two chaperones despite their similarity. Functional differences between budding yeast Ssa1 and Ssa2 have been noted before (60 -62) , but may in our case simply be explained by the fact that Ssa2 is much more abundant in S. pombe than Ssa1 (52) .
Wild type cells, expressing Sdj1-L169P, only display a relatively mild growth phenotype, whereas hsp104⌬ cells, expressing Sdj1-L169P, display severe growth retardation. This correlates with the increased Sdj1-L169P accumulation observed in the hsp104 null strain and is in accordance with budding yeast studies in which Hsp104 was seen to induce tolerance to various stress conditions that induce protein misfolding and aggregation (63, 64) . Recently, it was shown in budding yeast that the ribosomal quality control activity is regulated by a stress signaling pathway, but also itself propels a signal to the stress-activated transcription factor Hsf1 (46) . As all the components of the ribosomal quality control system are conserved, this might also be the case in fission yeast and may explain why heat shock treatment or deletion of ltn1 leads to an Sdj1-L169P-resistant phenotype. However, our mRNA quantification of hsp104, a known Hsf1 target (65), only revealed a modest increase in the ltn1⌬ strain. This suggests that perhaps the Sdj1-L169P-resistant phenotype observed after heat treatment or in the ltn1 deletion is rather caused by Sdj1-L169P being more rapidly deposited in aggregates, which are normally considered less toxic than soluble misfolded proteins. Thus, perhaps aberrant translation products present in the ltn1⌬ cells indirectly affect Sdj1-L169P solubility and degradation.
Interestingly, human DJ-1 was itself recently shown to regulate the activity of the 20S proteasome (66), and presumably wild type Sdj1 functions in a similar manner in fission yeast. However, as the experiments presented here were all performed in an sdj1 ϩ wild type genetic background, and Sdj1-L169P fails to interact with Sdj1, such a function of Sdj1 is unlikely to be relevant for our analyses on the degradation of misfolded Sdj1-L169P.
In conclusion, we describe a novel two-step quality control pathway using Sdj1-L169P as a model substrate. The requirement of two sequentially acting pathways represents a novel concept in protein quality control and demonstrates the importance of rapid and efficient clearance of misfolded and aggregation-prone substrates.
